Introduction
Ebstein's anomaly (EA) is a rare congenital heart disease occurring in 1 per 200 000 live births and accounting for approximately 1% of all congenital cardiac abnormalities. It is characterized by adherence of the septal and posterior leaflets to the underlying myocardium, which is responsible for downward (apical) displacement of the functional annulus, dilation of the right atrioventricular junction (true tricuspid annulus) and dilation of the 'atrialized' portion of the right ventricle, with various degrees of hypertrophy or hypoplasia and thinning of the right ventricle (RV) wall, and dilation of the right atrioventricular junction (true tricuspid annulus). Because of tricuspid valve regurgitation (TR), both parts of the RV (i.e. atrialized and functional components) are exposed to abnormal physiology with high preload. The latest surgical reconstruction (Cone reconstruction), involves delamination and rotation of the detached TV anterosuperior leaflet and use of the remnant of the septal and inferior leaflets to create a Cone-shaped valve. 1 This reconstruction involves haemodynamic changes as demonstrated by a recent study 2 
Methods

Study design
This is a retrospective observational study, using longitudinally acquired pre-operative and short-to mid-term post-operative data from study subjects. Ethics approval for data collection was granted following local ethics review.
Patient selection
All patients with EA referred for Cone reconstruction at Great Ormond Street Hospital and the Heart Hospital between 2009 and 2014 were included in the study. Indication for operation was based on our institutional criteria for offering surgery: symptoms (cyanosis, arrhythmia, heart failure with EA and tricuspid regurgitation), or asymptomatic patients with severe tricuspid regurgitation and severe right heart dilatation. All operations were performed by the same surgeon (VT). Echocardiography assessment in pre-operative, short-and mid-term post-operative periods was performed. For all patients, clinical status, presence of arrhythmias, operative characteristics and post-operative follow-up were collected.
Electrocardiographic analysis
Pre-and post-operative ECG's were collected to detect right bundle branch, Wolff-Parkinson-White anomaly, atrio-ventricular block and measure PR and QRS durations.
Transthoracic echocardiography
Transthoracic echocardiographic studies were performed using Vivid e9 machines (GE, Milwaukee, WI, USA). All images were obtained according to prospective protocol to achieve optimal quality. Cine loops of two cardiac cycles triggered by the R wave of the QRS complex were digitally saved. Subcostal, apical four-chamber, and parasternal long-and shortaxis views were used to obtain pictures of the morphology of the tricuspid valve (TV), atrial and ventricular chambers and ventricular outflow tracts. All echocardiographic recordings were stored on digital versatile discs for off-line analyses with EchoPac software (GE). All measurements were supervised by J.M. Early post-operative period was defined as the period between the day of surgery and the 30th day after the operation.
Conventional echocardiographic parameters
Conventional echocardiographic parameters were collected in pre-and post-operative periods, including the areas of the right and left atriums, atrialized right ventricle (aRV), functional RV, and LV to calculate GOSH score. 3 The size of TV annulus and the grade of TR were measured. RV function was assessed by TAPSE and fractional area change (RV FAC) if functional ventricular shape was suitable for measurement. LV dimensions were measured from M-mode in standard parasternal long axis view. LV function was evaluated by fractional shortening and ejection fraction by Simpson method. All measured cardiac dimensions were expressed in z-scores, using Boston Children's Hospital Heart Center reference. Diastolic and systolic eccentricity index were also measured in short axis view.
2D speckle tracking analysis
Cine loops over three cardiac cycles with a frame rate from 40 to 100 fps were used for off-line analysis on EchopacV R . The best apical four-chamber view to visualise the six myocardial segments of each ventricle was selected and the endocardium limit was traced by the operator (Figure 1 ). The software automatically generated a second line at the level of epicardium, delineating a region of interest. The measurement of systolic peak of longitudinal strain was automatic and the analysis was accepted if the software validated the measurement of each cardiac segment. Manual adjustment was applied in cases with inappropriate automated software tracking on visual observation. This analysis was done in pre-and post-operative periods. 
Synchronicity assessment by 2D speckle tracking
Mechanical synchronicity assessment was also performed. Manual adjustment of aortic valve closure was done from parasternal long axis view using TM mode. Time-to-systolic peak was measured for each segment, corresponding to the time from the onset of QRS to longitudinal strain systolic peak corrected by the Bazett formula.
Comparison to normal values
Pre-and post-operative measurements of global LV 2D strain were compared with values of an aged-and sex-matched control group of healthy subjects, referred to cardiology clinic for a heart murmur, with structurally normal heart confirmed on standard comprehensive sequential echocardiographic assessment.
Statistical analysis
Continuous variables are presented as median (range) and denote the number of patients, unless otherwise stated. P < 0.05 was taken to be statistically significant. Paired analyses were performed using Wilcoxon Matched-pairs signed rank test. Intra-and interobserver assessment was done on 17 pre-operative studies for global LV 2D strain and global LV time-to-systolic peak. The intraobserver variability was assessed by one investigator performing off-line analysis on the same patients 6 months apart to reduce recall bias. The interobserver variability was assessed by a second investigator who was unaware of the previous results, performing the investigation on the same 17 patients. The intra-and interobserver agreement was assessed calculating the intra-class correlation coefficient (two-way mixed model and consistency type, average measurements). The statistical analysis was performed using SPSS, version 19 (SPSS, Chicago, IL, USA).
Results
Patients and operative characteristics
Pre-and perioperative patient characteristics are presented in Table 1 . Seventeen patients could be involved in the study. The median age at operation was 15 years-old (1-57). Four patients presented with WPW. None of the patients had evidence of LV non-compaction on echocardiogram.
There was no death during the follow-up period. In this cohort, there was no re-operation necessary, neither for repair of the Cone apparatus, nor for haemodynamic failure. None of the patients required bidirectional cavo-pulmonary shunt at the time of Cone reconstruction or later after operation. Cardiopulmonary bypass and aortic cross-clamp times are given in Table 1 . There was a significant improvement of NYHA status for all patients after Cone reconstruction (3 (1-3) vs. 1 (1-2), P = 0.010). The global median follow-up length was 6 months (8 days-54 months). Early post-operative period was defined as the period between the day of surgery and the 30th day after the operation. The median of early post-operative follow-up (<30 post-operative days) was 10 days (3-27). The median of mid-term post-operative period was 7 months (2-54).
Electrocardiographic findings
Right complete bundle branch was present in nine patients in preoperative period and in all patients in post-operative period.
Pre-excitation was found in four patients (two required preoperative radiofrequency ablation of an accessory pathway and two surgical maze procedure for pre-operative atrial fibrillation). One patient had an ICD pacemaker implanted in 2011 because of documented ventricular tachycardia requiring cardioversion. There was no significant difference in PR duration after Cone reconstruction (157 ± 20 ms vs. 161 ± 16 ms, P = 0.500) but QRS was significantly longer after Cone reconstruction (113 ± 8 ms vs. 141 ± 8 ms, P = 0.027).
Conventional echocardiographic parameters
Results for conventional parameters are presented in Figure 2 .
Tricuspid annulus diameter was significantly reduced (45.23 ± 7.16 mm vs. 14.75 ± 4.02 mm, P < 0.001).
After Cone repair, RA area was decreased (22.17 ± 5.52 cm 2 vs.
12.93 ± 4.34 cm • Cyanosis 6% (1/17)
• Palpitation 12% (2/17)
• Growth retardation 6% (1/17)
• Asymptomatic 35% (6/17)
• RVPA conduit 6% (1/17)
• Myocardial performance assessed by 2D strain systolic peak 'Feasibility' and technical limitations for RV 2D strain The assessment of RV function by 2D strain was not feasible in preand post-operative periods. In both pre-and post-operative period, the aRV was grossly dilated with a thin wall, which prevented accurate measurement of RV myocardial function by 2D strain.
Global and segmental LV longitudinal 2D strain Results are presented in Table 2 . Global LV 2D strain was significantly lower after Cone reconstruction (-20.49 ± 2.79 vs. -17.73 ± 2.76, P = 0.041) whereas in segmental analysis, only the basal lateral segment of LV had a significantly impaired 2D strain after reconstruction (-21.27 ± 2.17 vs. -17.20 ± 4.35, P = 0.035). There was no significant impairment in the septum 2D strain after Cone reconstruction, notably the basal segment which was part of the aRV before surgery (-16.96 ± 2.74 vs. -14.44 ± 3.32, P = 0.097). In some patients, we could observe abnormal motion of the septum with contraction in systole followed by an abnormal movement of the septum towards the opening mitral valve in early diastole.
Global and segmental longitudinal 2D strain comparing early-and mid-term post-operative periods The results are presented in Table 3 .Global LV 2D strain measured in 10 patients in the early post-operative period was significantly altered after surgery (-19.45 ± 1.99 vs. -16.08 ± 2.26, P = 0.016). Global LV 2D strain measured in 12 patients in the mid-term post-operative period had improved and was not significantly different to the preoperative measurement. (-20.71 ± 3.11 vs. -18.75 ± 2.37, P = 0.247). (Figure 3) Comparison to aged-matched control group
The median age of the group of 17 EA patients was 15 years (1-57) vs. 13 years (1-55) for the 17 patients of control group (P = 0.061).
Global LV 2D strain measurements in pre-operative period were not significantly different from the control group (-20.49 ± 1.91 for EA group vs. -21.72 ± 1.83 for control group, P = 0.568), whereas they were significantly decreased in post-operative period (-17.73 ± 1.89 for EA group vs. -21.72 ± 1.83 for control group, P = 0.004). Basal septum 2D strain was significantly lower at both periods in EA group (-16.96 ± 2.74 vs. -19.86 ± 2.00, P = 0.018 in preoperative period and -14.44 ± 3.32 vs. -19.86 ± 2.00 in post-operative period, P = 0.002). 
Synchronicity assessment (LV time-tosystolic peak corrected by HR) before and after operation
Global LV time-to-systolic peak corrected by HR was not significantly decreased after Cone reconstruction (441 ± 26 ms vs. 418 ± 24 ms, P = 0.121) and there was no regional difference when segmental analysis was performed ( Table 2) .
Synchronicity assessment (time-tosystolic peak corrected by HR) in earlyand mid-term post-operative periods
Global LV time-to-systolic peak corrected by HR was not significantly decreased after Cone reconstruction (457 ± 25 ms vs. 417 ± 45 ms, P = 0.074 (comparison between pre-operative measurements and early post-operative data) and 440 ± 35 ms vs. 422 ± 17 ms, P = 0.286 (comparison between pre-operative measurements and mid-term post-operative data) ( Figure 4) and there was no regional difference when segmental analysis was performed (Table 3) , except for midseptal segment in early post-operative period.
Intra-and inter-variability assessment
Intra-class correlation for pre-operative global LV 2D strain was respectively 0.887 (0.676-0.960) for interobserver reliability and 0.924 (0.773-0.974) for intraobserver reliability. Intra-class correlation for pre-operative global TTPc was respectively 0.839 (0.539-0.944) for interobserver reliability and 0.887 (0.677-0.961) for intraobserver reliability.
Discussion
The Cone reconstruction for EA has raised increasing interest after demonstrating major improvement of tricuspid regurgitation and TV annulus reduction. This operation, because of its technical success in vast majority of cases, leads to an important change in loading conditions; the RV is taken from a situation of high pre-load to a relatively high afterload (higher wall stress) and the underfilled LV is given increased filling. However, little is known about the adaptation of both ventricles to these acute changes. In our previous study, we confirmed that although right ventricular function appeared significantly impaired immediately after operation, clinical status improved due to elimination of tricuspid regurgitation, increased net pulmonary blood flow and increased left ventricular stroke volume. In this study, we suggested for the first time that despite evidence of biventricular impairment immediately after Cone reconstruction, there was a trend towards later improvement. Interestingly, we could not confirm significant left ventricular systolic mechanical dys-synchrony in our group using advanced echocardiographic techniques. Our surgical series suggested a high success rate of Cone reconstruction 2 with no post-operative death and no concomitant additional bidirectional cavopulmonary anastomosis. This may be unexpected to some degree, considering that a minority of referred patients were not accepted for surgical reconstruction (two patients with complete lamination of all TV leaflets and one patient with LV myocardial non-compaction).
Post-operative clinical outcome
This cohort included patients with significant TR. Similarly to other published groups, poor exercise tolerance and dyspnea were the main pre-operative symptoms. 4, 5 Significant reduction of tricuspid regurgitation and subjective clinical improvement documented by a decrease in NYHA classification have been demonstrated across a wide range of valve morphology and age stages in our study 2 and in similar studies from Mayo 6,7 and Munich. 8 
Impact of Cone reconstruction on cardiac physiology
Before Cone reconstruction, this histologically abnormal RV is under high pre-load condition because of significant TR. This mechanism of increase in RV pre-load improves myocardial contraction on the basis of Frank Starling mechanism but simultaneously reduces effective cardiac output by decreasing forward flow. 9 After successful Cone reconstruction, with amelioration of TR and inclusion of the aRV into the functional RV, this RV is suddenly exposed to lower pre-load and relatively increased afterload, through increased wall stress. However, the forward flow from the RV is increased resulting in better LV filling and higher LV stroke volume, as demonstrated by conventional echocardiographic parameters and MRI.
2,8
LV myocardial performance
Conventional echocardiographic parameters indicated that LV filling was improved as shown by increased LV diameter and area. This is in agreement with our previous study 2 and the study from Munich. 2 Although LV function was not altered after Cone reconstruction, 2D strain measurements showed decreased LV function in the early post-operative period with a trend to later recovery. This finding may be explained by the impact of cardiopulmonary bypass and aortic cross-clamp on myocardial performance early after operation, as demonstrated in both human and animal models, 10,11 rather than by direct impact of Cone reconstruction physiology. The maximal variation of strain values seems to occur in the early post-operative period 12 and is linked to the ischaemia-reperfusion phenomenon, endothelial dysfunction, and general inflammation. 13 The endocardial layer, mostly made of longitudinal fibres, is the first to suffer, explaining why longitudinal strain is altered while radial strain and left ventricular ejection fraction (LVEF) are preserved. 14 Primary LV myocardial impairment could also be present, with EA. Structural abnormalities, such as LV non-compaction or associated mutations in MYH7 genes are present in 18% of EA patients. 15, 16 However, in our cohort, we could not confirm any significant intrinsic myocardial impairment suggestive of myocardial fibrosis or ischaemia of the LV prior Cone reconstruction.
RV myocardial performance
RV myocardial performance appears visually altered after Cone reconstruction, which is confirmed by conventional echocardiographic parameters. This decrease in myocardial performance is probably multifactorial. Histological findings on EA hearts may be a part of the answer. The aRV is functionally part of the right atrium before surgery. The wall is usually very thin, with aneurysmal dilation of the posterior wall. In rare extreme cases, the endocardium is smooth and often devoid of myocardial fibres 17, 18 replaced by extensive fibrous tissue. 19 Fibrosis is more important in this part of the ventricle in adult hearts with EA, suggesting that this histological change may be acquired. 20 This may be related to the increased volume loading with TR, as the RV appears more prone to developing fibrosis in this loading condition than LV. 21 As for the functional RV, its dilation is associated with a thinner wall and less myocardial fibers compared with EA without RV dilation. 17 Therefore, EA is a far more complex disease than a simple structural abnormality of the TV. The right bundle branch block is often present in patient with EA. QRS duration in our study was longer after Cone reconstruction and this could potentially cause RV electro-mechanical dys-synchrony similar to left bundle branch block in the failing LV. RV myocardial performance may also be altered because of the negative impact of surgery under bypass with long aortic cross-clamp times. In fact, the RV myocardium is more susceptible to oxidative stress with a decreased angiogenic response, and is more likely to activate all death pathways. 22, 23 Any coronary artery injury would exacerbate the risk of arrhythmia and ischaemic myocardial damage. In our cohort, early arrhythmic problem was not a burden of post-operative morbidity, possibly due to limited myocardial plication procedure at the time of Cone reconstruction. RV myocardial performance was assessed by TAPSE and FAC, both parameters being decreased after Cone reconstruction. These parameters however are load dependent and may not allow to correctly interpret true myocardial function. Before Cone reconstruction, TAPSE is higher (supranormal) than in normal physiology because of the high pre-load caused by tricuspid regurgitation. During Cone reconstruction, a tricuspid annuloplasty (semi-circular ring) reduces the effective tricuspid annulus. Both delamination of valvular leaflets, with removal of abnormal attachments of the anterior leaflet and aortic cross-clamp may contribute to RV impairment. Alteration of TAPSE measurement is therefore probably multifactorial. A decrease in TAPSE could reflect a true alteration of right ventricular myocardial longitudinal performance on one hand but could also reflect decreased annular displacement because of a less compliant prosthetic annular ring. This questions the reliability of TAPSE in this context. Cardiac surgery is also well known to reduce TAPSE with several hypotheses to explain this phenomenon: RV geometrical changes in association with interventricular septal paradoxical motion, poor RV protection during CPB with intraoperative ischaemia or extra-myocardial causes (pericardium, changes in fossa ovale, post-operative adherence of RV to the thoracic wall). 23 The RV FAC has also limitations, especially in the pre-operative period, as the functional RV may be very small. The RV 2D strain was impossible to perform in most patients due to lack of a defined myocardial layer. Therefore, the speckle tracking curves more likely represent endopericardial motion and false interpretation of myocardial contraction. Similarly, in the post-operative period, the lateral wall was difficult to define. This is partly because of surgical alteration in some patients undergoing RV plication and partly because of intrinsically deficient myocardium affecting the lateral and postero-inferior wall.
Ventricular interaction and basal septum
When comparing basal septal 2D strain in pre-and post-operative periods to a control group, we showed that basal septal 2D strain was significantly lower in EA than normal subjects in both periods. In EA, this part of the septum belongs to the atrialized part of the RV, often subjected to fibrosis. With surgical delamination, this part of the septum may suffer from ischaemia and additional fibrosis, which may explain weak contraction. Under normal loading conditions, the septum is concave towards the LV in both systole and diastole. 9 Before the Cone reconstruction, the volume overloaded RV is severely dilated, leading to paradoxical deviation of interventricular septum, which may alter LV function. 9, 24 In some patients after Cone reconstruction, a bulging of the septum into the LV in early diastole reflects prolonged septal shift that may be due to lengthening of the RV contractile period, which impacts on LV filling. 21 Interestingly, in our study we did not find any difference in LV systolic synchronicity on echocardiographic tissue deformation imaging suggesting that paradoxical septal motion is pre-operatively not only caused by delayed RV contraction but also by abnormal right atrial (including aRV) and left ventricular diastolic interaction. These findings can be supported by recent MRI study 25 suggesting that abnormal septal behaviour could be an artefact of anterior LV translation rather than intrinsic myocardial dyskinesia. Yet again, our explanation would be that abnormal 'dyskinetic' septal motion in unoperated EA is the result of delayed RV contraction and interaction of functional right atrial and left ventricular volume and pressure changes, when, at the diastole, pressure in the functional right atrium exceeds the LV diastolic pressure but with maintained, synchronised, function during systole.
Limitations
This is a retrospective study with a small sample population. However, our detailed analysis using longitudinal pre-and post-operative data from the same patients allowed individual comparison over a wide range of patient ages and across a range of clinical severity. It may be informative to compare our data between different age groups. However, we felt that age-stratified subgroups would be too small, and therefore not representative. Many post-operative patients were inaccessible for longitudinal data, because they lived a long distance from the study centres. The RV function and synchronicity assessment was incomplete due to technical limitations as discussed above, illustrating the difficulty to accurately assess RV function in patients before and after Cone reconstruction.
Conclusion
The Cone reconstruction of the TV offers an effective operation in patients with EA and severe regurgitation. Despite excellent surgical results in most patients with improved clinical outcome, increased pulmonary net flow and increased LV filling, the adaptation of the ventricles after Cone reconstruction needs to be assessed on a long-term basis. The significant RV impairment seen immediately after operation is of concern, and is likely caused by several mechanisms including intrinsic myocardial deficiency and fibrosis, myocardial injury following valve tissue delamination, aRV plication, right bundle branch block, impact of cardiopulmonary bypass and aortic cross clamp. Detailed assessment of right ventricular mechanics using a speckle tracking technique was technically difficult, particularly in those patients with intrinsic myocardial deficiency and/or fibrosis of the initially atrialized part of the ventricle. In our group, the LV function seems to be well preserved and likely only temporarily affected by cardiopulmonary bypass. Due to the nature of extensive RV myocardial surgery, only the time will tell whether the low incidence of significant early complications in our series can be translated into a reliable long-term management strategy for severe forms of EA. It remains to be seen, whether there is potential for post-operative myocardial cellular growth and intrinsic RV remodelling. Functional assessment and comprehensive cross sectional and microscopic imaging will help to learn more from this unique disease.
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